Abstract -This paper proposed a novel high performance sensorless control scheme for IPMSM based on an extended nonlinear state observer. The gain-matrix of the observer has been derived by using state linearization method. Steady state errors in estimated rotor position and speed due to parameter inaccuracy have been analyzed. Then, an online compensation strategy was proposed to limit the estimation errors in rotor position and speed. The effectiveness of the extended nonlinear state observer is validated through simulation and experimental test.
I. INTRODUCTION
Various model-based sensorless control schemes have been proposed for PM (Permanent Magnet) synchronous motors to replace the mechanical position sensor which is indispensible in a Field-Oriented-Control system [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Among them, the nonlinear state observer method for SPMSM (Surface Permanent Magnet Synchronous Motor), based on state linearization strategy, is superior for its outstanding dynamic performance and wide operating speed range [1] [2] . It has been expanded to IPMSM (Interior Permanent Magnet Synchronous Motor) system by G. Bisheimer [3] and B. S. Bhangu [4] , considering the physical back EMF only in deriving observer gain matrix. Steady state errors can be observed due to the lack of load torque estimation.
The major obstacle in applying model-based sensorless control strategies to IPMSM is the position dependent inductance matrix owing to the inductance difference between d-and qaxis. The concept of extended back EMF is first introduced by Z. Q. Chen to solve the problem [5] . Then, a group of more concise models are proposed primarily for flux linkage based sensorless control methods [6] [7] [8] , in which the derivative of daxis current generated in mathematical manipulation is not an issue.
It is believed that precise estimation for rotor position and speed requires the knowledge of accurate motor parameters. Unfortunately, all parameters of IPMSM tend to vary with different operating conditions. For example, inductances of dand q-axis change with the level of magnetic saturation [12] , while stator resistance and PM flux linkage depend on motor temperature. In [9] , the impact of inaccurate parameters and inverter nonlinearity on the estimation of rotor position is investigated, and an estimation error equation has been derived, but the impact of erroneously estimated rotor speed is not investigated. It has been demonstrated in [10] that simultaneously estimation of rotor speed and identification of PM flux linkage based on MRAS (Model Reference Adaptive System) may cause incorrect convergence due to rank-deficient problem. Although RLS (Recursive Least-Square) method is capable of realizing online identification of multiple parameters [11] , the algorithm is too complex to be implemented in practice.
In this paper, a synthetic back EMF is defined to transform IPMSM into SPMSM combining feedback linearization method. Then an extended nonlinear state observer is constructed in the stator-fixed coordinate frame based on state linearization method. The steady state error equations of the estimated rotor position and speed due to parameter inaccuracy are derived in the rotor-fixed coordinate frame, and an online compensation strategy is proposed to achieve high performance speed control of IPMSM system over wide speed range.
II. EXTENDED NONLINEAR STATE OBSERVER

A. Mathematical Model
The voltage equation of IPMSM in αβ frame is
where
, , , are stator voltages and currents in αβ frame. and are stator resistance and PM flux linkage. is the mean stator inductance, while is the differential stator inductance. and are inductances in dq frame. , and are mechanical angular speed, electrical angular position and pole pairs respectively. p stands for the differential operator. Equation (2) contains a position dependent inductance matrix, which is inconvenient in applying nonlinear state observer method to IPMSM. This problem can be solved with appropriate mathematical manipulations [5] [6] [7] [8] . A valid transformation of (2) is obtained employing q-axis current and its derivative . 
It can be seen that the position dependent inductance matrix is disappeared in both of the transformations given in (3) and (4) . The transformation used in [4] is identical to that in (3) and is limited to IPMSMs with small saliency [5] , for vector defined in (3) is orthogonal to physical back EMF as illustrated in Fig. 1 (a) , and only could be utilized in deriving the gain matrix of the nonlinear state observer.
As depicted in Fig. 1 (b) , vector defined in (4) is aligned with , which makes the transformation in (4) more suitable on the stage of state linearization. And a synthetic back EMF is defined directly by synthesizing and as given in (5). It is worth mentioning that the synthetic back EMF is essentially different from those concepts defined as flux linkages which are intended for sensorless control systems based on flux linkage primarily, such as fictitious flux [6] and linear flux [7] , as well as equivalent back EMF [8] , which is the derivative of a composite flux linkage by neglecting . Compared with typical voltage equation of SPMSM in αβ frame, there is still an accessory voltage component orthogonal to , which is relating to the derivative of d-axis current. As the slope of d-axis reference current is limited, it is reasonable to introduce an auxiliary input , according to the feedback linearization method proposed in [13] . 
Based on the synthetic back EMF and auxiliary input , the voltage equation of IPMSM is reorganized as (7), which is equivalent to that of SPMSM.
where 
where e s y n q 1.5 T P i J ψ = J and B are the inertia and friction coefficient of mechanical system respectively. is the electromagnetic torque, while is the load torque imposed on motor shaft, and is unknown in general.
Although a null-load assumption will not affect the observer's asymptotic stability, estimation errors may arise due to the unstructured uncertainties. Compared with electrical time constant, load torque can be assumed to be constant in a sampling period, which means L ⁄ 0. And it can be added as an extended state in the state equations of IPMSM system [2] .
Combining voltage equation (7) and mechanical equation (8), as well as the dynamic equation of load torque, the overall state equations of IPMSM are given as f( ) h( )
where and are system input and out vectors.
To investigate the observability of (9), it is necessary to recall the definition of Lie derivative [14] [15] , as shown bellow
where represents the gradient operator and L h means k times of iteration of L h . Substituting (10) to (9) yields
The observability matrix is obtained combining (11) to (14) . 
'*' denotes a non-zero term depending on motor parameters. It is clear that the observability matrix is full rank and system (9) is locally observable except for 0. The state linearization method, similar to that applied to SPMSM [1] [2] , is utilized in deriving the gain matrix of the extended nonlinear observer for IPMSM. The structure of gain matrix is determined in polar coordinate frame employing the coordinate transformation given in (16) . To avoid ambiguity in the sign of the estimated rotor speed, a reverse transformation is complemented, as shown in (17), and the ultimate expression of the extended nonlinear state observer built in αβ frame is given in (18) .
arctan
in coŝĉ
Variables with '^' represent the estimated values, while parameters with '^' stands for the measured values used in the observer.
C. Simulation Studies
The performance of the extended nonlinear state observer with accurate parameters is investigated through simulation, as shown in Fig. 2 . The specifications of IPMSM are given in Table I . It can be seen that the dynamic performance of the extended nonlinear state observer is excellent, and nearly zero steady state errors in the estimated rotor position and speed are obtained by incorporating the estimation of load torque. In reality, the parameters of IPMSM tend to vary with different operating conditions. Parameters with '~' indicate the uncertainties in motor parameters, which are defined as
Simulation results in Fig. 3 show the performance of the extended nonlinear state observer with inaccurate parameters. In the observer, is 85% of , and 105% of , 90% of , 110% of , which are typical conditions in practice, because of motor heating and saturation effects. Although the observer is still stable, large steady state errors in estimated rotor position and speed can be observed, which varies with rotor speed. 
III. ESTIMATION ERRORS
A. Impact of Parameter inaccuracy
The extended nonlinear state observer is separated and rewritten in the estimated dq frame as
(22) Taking into account that high observer gains are necessary in order to stabilize the overall closed loop sensorless control system [1, 4] and the estimated load torque is adjusted by error between and , the following approximations are made under steady state conditions:
2) e θ is sufficiently small, and 
Substituting (23) 
where the equivalent flux error is defined as
(27) Conclusions can be drawn as follows: 1) If all parameters are accurate, the estimated rotor position and speed will converge to their actual values, as shown in simulation results of Fig. 2 .
2) Error in the estimated rotor position caused by erroneously estimated speed can be dominant in high speed range as shown in (26) and the simulation results of Fig. 3 . Although it can be mitigated when a higher observer gain is applied, the effect is limited by observer stability conditions.
3) Uncertainties in and can be incorporated into the equivalent flux error, which will lead to speed estimation error.
B. Online Compensation Strategy
Measures should be taken to compensate for the impact of parameter inaccuracy, especially the uncertainty in PM flux linkage, whose effect is dominant in the estimation errors of rotor position and speed.
As shown in (22), (24) and (25), the estimation error in rotor speed is proportional to the equivalent flux error, which is the main cause for incorrect estimation of rotor position and daxis current. Since the actual rotor position is unknown, the error in d-axis current is used to compensate for the equivalent flux error based on disturbance theory.
(28) Transforming (28) to αβ frame yields f e e e β βˆ(
The equivalent flux error is complemented in voltage equations of (18) to eliminate the steady state error in estimated rotor speed, and ultimately the estimation error in rotor position relating to . Simulation results in Fig. 4 show the performance of the extended nonlinear state observer against parameter inaccuracy with online compensation for equivalent flux error. Large steady state estimation errors shown in Fig. 3 are eliminated after the equivalent flux error is compensated. Nearly zero estimation error in rotor speed is obtained under steady state condition, while electrical angular position error is well below 2.5 degrees even in transient period. The remaining estimation error in rotor position is caused by mainly, and could be further improved if an on-line inductance compensation method is supplemented. 
IV. EXPERIMENTAL STUDIES
The block diagram of the overall sensorless control system based on extended nonlinear state observer is shown in Fig. 5 . Maximum Torque/Ampere control method is used to obtain current reference in constant torque mode, while Optimal Field-Weakening control method is utilized in constant power mode [16] . An open-loop scheme is used to speed up the motor in start-up procedure. The specifications of the IPMSM used in simulation and experimental test are given in Table I .
Although the estimated speed is accurate under steady state condition, it suffers from poor dynamic performance due to the effects of stator resistance uncertainty, inaccurate compensation for d-axis inductance, inverter nonlinearity and so on, especially in low speed range. So the average speed ω , which is the derivative of the estimated rotor position, is used in the speed control system instead of the estimated speed directly obtained from the nonlinear state observer, as shown in The proposed extended nonlinear state observer is investigated on the testing platform shown in Fig 6. The control board is based on DSP TMS320F28234, with sampling frequency and PWM frequency both set to 10 kHz.
The DC bus voltage is measured, and reference voltage is fed to the extended nonlinear state observer instead of actual output voltage, along with dead time compensation using parameters available in datasheet [17] [18] [19] . Digital delay in SVPWM updating can be problematic in high speed range, and is well compensated in software by postponing the phase of reference voltage in αβ frame [9, 20] . Fig. 7 shows the performance of the proposed nonlinear state observer in experimental test. The IPMSM is controlled to accelerate from 500 rpm to 1600 rpm within 300 ms and vice versa. Although, accurate PM flux linkage and stator resistance are used in the extended state observer, steady state errors in the estimated rotor position and speed still exist due to the inverter nonlinearity, whose impact is more distinct in low speed range. Dynamic errors also arise in transient period duo to the lag in the estimated load torque, which is proportional to rotor speed. Fig. 8 and Fig. 9 illustrate the performance of the proposed extended nonlinear state observer with and without compensation for equivalent flux error. PM flux linkage in the observer is set to be 5% larger than its actual value deliberately, while other parameters are assumed to be approximately accurate. It should be noted that the average speed ω tracks the actual speed well in both cases. Large steady state errors in the estimated rotor position and speed are observed in Fig. 8, owing to PM flux linkage inaccuracy and other non-idealities. The shape of the position estimation error is similar to that of the speed estimation error, which demonstrates that the estimation error in rotor position caused by erroneously estimated speed is dominant.
These estimation errors caused by parameter inaccuracy, as well as inverter nonlinearity, are mitigated significantly when the equivalent flux error is on-line compensated using the method introduced in (28), as shown in Fig. 9 . A very small zero steady state error in the estimated speed is obtained in both high and low speed region, while the overall electrical angular position error is limited within 5 degrees. It is worth noting that the equivalent flux error takes more time in low speed range to converge to its steady state value than that in high speed range, as the impact of PM flux linkage decreases with the decreasing rotor speed. 
V. CONCLUSION
In this paper, a novel extended nonlinear state observer for IPMSM is proposed based on a synthetic back EMF，along with the estimation of load torque. The impact of parameter uncertainty is investigated, and the steady state error equations are derived. It has been found that position estimation error caused by erroneously estimated speed is dominant in high speed range. The performance of the extended nonlinear state observer is improved significantly by incorporating on-line compensation for parameter errors, and the robustness against parameter inaccuracy, mainly the uncertainty of PM flux linkage, is enhanced.
